Abstract.-We present statistical methods appropriate for the analysis of seedling recruitment data. The techniques are applied to the data collected by H. A. Roberts and his colleagues. The main result of this analysis is that seed banks do not in general decay according to a negative exponential pattern and that a wide range of recruitment patterns occur. We explore the effects of unobserved mortality on age-specific recruitment. We also demonstrate the difficulty of interpreting age-specific patterns of recruitment in terms of the behavior of individual seeds. This difficulty is a result of unobserved seed mortality and between-seed variability, either of which can qualitatively change the shape of the recruitment curve. A simple model of the recruitment process is presented, and it is demonstrated that density dependence can generate spurious patterns of age-specific recruitment.
Understanding patterns of seed survivorship is of fundamental importance for the management of weed populations (Roberts 1963 ) and the study of plant population and community ecology (Pacala 1986; Rees and Long 1992) . Indeed, the early studies of Chepil (1946, p. 345) demonstrated that the number of seedlings emerging in successive years differed greatly between species, and he concluded that "the relative period of seed dormancy is one of the greatest single factors contributing to the seriousness of a weed."
In 1989 Lonsdale published a forum paper in Oikos discussing the interpretation of seed survivorship curves and drawing attention to the apparently anomalous behavior of seed populations. He noted that populations of established plants often show a wide range of survivorship curves whereas, on the basis of studies by Roberts (Roberts 1964 (Roberts , 1979 (Roberts , 1986 Roberts and Neilson 1980; Roberts and Boddrell 1983) , seed populations are regarded as almost always following loglinear or Deevey type I1 decay curves (Harper 1977; Begon and Mortimer 1981; Fenner 1985; Watkinson 1986; Silvertown 1987) . Lonsdale (1989) suggested that the most likely explanation of this pattern is that Roberts's data were inadequate to reject the null hypothesis of exponential decay. However, it should be noted that Roberts demonstrated nonexponential patterns of seedling emergence in several papers (e.g., Roberts and Feast 1972, 1973; Roberts and Neilson 1980; Roberts and Boddrell 1983) .
Seed survivorship curves are often studied indirectly, and the pattern of seed bank decay is inferred from the distribution of seedling emergence through time, Am. Nat. 1993. Vol. 141, pp. 233-262 . O 1993 by The University of Chicago. 0003-014719314102-W3J4$02.00. All rights rescrvcd.
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THE AMERICAN NATURALIST although a number of studies have assessed the number of viable seeds present in successive years (e.g., Roberts 1962; Roberts and Dawkins 1967) . In these studies the pattern of seedling emergence often closely mimics the decline in the number of viable seeds. The observed patterns of recruitment reflect the underlying processes of germination, which may or may not result in successful establishment, and seed mortality. Germination is only partially observable, through those seedlings that successfully establish, and mortality is completely unobserved, making it difficult to determine which contributes most to the observed patterns. However, Cook (1980) puts forward a number of plausible arguments that suggest that germination is the dominant process. Observed age-dependent (nonexponential) recruitment is the result of one or a combination of the following processes:
(1) age-dependent germination; (2) age-dependent mortality; (3) age-dependent establishment success of those seeds that germinate; (4) changes in the abiotic or biotic environment; (5) between-individual variability in the probability of recruitment; and (6) density-dependent germination or mortality. The fifth and sixth mechanisms are not usually considered by biologists and yet may explain many of the observed distributions.
In this article we first present statistical methods appropriate for the analysis of seedling recruitment data and then apply these techniques to the data collected by H. A. Roberts and his colleagues. The patterns of recruitment observed in this large data set (145 species) are then described. Particular attention is focused on inferences that can be made from this population level data to the behavior of individual seeds. Where possible, methods for distinguishing the different mechanisms generating age dependence are discussed.
THE ANALYSIS OF SEEDLING RECRUITMENT CURVES

Data Collection
Freshly collected seeds were mixed with the upper 7.5 cm of steam-sterilized sandy clay loam confined in open-ended 23-cm-diameter cylinders sunk in the ground outdoors and netted to exclude birds. There were two replicate cylinders per species, each containing usually 1,000 seeds. On three occasions each year the soil layer containing the seeds was mixed to its full depth to simulate cultivation. All seedlings were recorded and removed soon after they appeared. Recording continued usually for 5 yr; the soil was dug up and the number of viable seeds remaining was determined. For most species, separate experiments were begun in each of 3 different years with freshly collected seeds. Between 1953 and 1986 data were obtained for 145 species of annual and perennial plants (Roberts 1964 (Roberts , 1979 Roberts and Neilson 1980; Roberts and Boddrell 1983) .
Therefore, for each species we have a pattern of seedling emergence times describing the number of recruits in each year of the experiment. In this article we consider the pattern of emergence of the aggregate data set obtained by summing over all replicates, giving for each species a single set of seedling emergence times. From these data the pattern of age-specific recruitment can be determined through the techniques outlined below.
PATTERNS OF SEEDLING RECRUITMENT 235 Background Theory
For each species four parametric survival distributions were fitted and the goodness of fit assessed with X' tests; the distributions were the exponential, compound exponential, Weibull, and log logistic. The log-normal distribution was not fitted because of the complexity of the survivor function, the difficulty in distinguishing it from the exponential distribution, and its sensitivity to the grouping of small emergence times (Cox and Oakes 1984) . These distributions are continuous, and, although germination is a continuous process, data analyzed in this article are considered over yearly intervals and hence discrete versions of the continuous distributions are used. A continuous distribution is defined by.f(t), the probability density function that gives F(t), the cumulative density function (F(t) = S ; f(t)dt). The discrete distribution is obtained from F(t) by
. . , n, where TT; is the probability of recruitment in ycar i. The age-specific recruitment rate or hazard is given by The recruitment rate in year i is the number of seedlings observed in year i divided by the total number of seedlings observed in year i or at any time thereafter. This concept needs interpretation.
The measured quantity in the experiments is the number of seedlings observed in each year. However, ignoring possible density and seasonal effects, the recruitment process is a combination of not just the age-specific germination but also age-specific mortality (the probability in each year that a seed becomes nonviable) and age-specific establishment (the probability that a seed that germinates is observed as a seedling). If there is no death and establishment success is independent of seed age, then all seeds will eventually germinate (though not necessarily in the lifetime of the experiment), and the age-specific recruitment rate will equal the age-specific germination rate.
Unfortunately, in reality there will be some death that by its nature is unobserved-by observing seedlings one cannot determine the number OS seeds that are viable. Moreover, if one tried to recover all remaining viable seeds at the end of the experiment, then that would only give an estimate of the maximum number of seeds that died and not when they died.
When there are viable seeds present at the end of the experiment, it is not possible to calculate the recruitment rate directly from the number of seedlings observed over the duration of the experiment. The approach used in the analysis, presented below, is to extrapolate the results beyond the end of the experiment, until all seedlings that would have been recorded have been recorded, by fitting a probability distribution to the observed figures. The recruitment rate can then be calculated from the resulting fitted distribution. It is important to note that the recruitment rate does not indicate the number of seeds that will germinate but Before discussing the properties of the probability distributions that were used, it is beneficial to look at how changes in age-specific germination and mortality affect recruitment, under the assumption that age-specific establishment success is constant; the mathematical results are presented in Appendix A. In the simplest case in which germination (g) and seed mortality (d) are independent of seed age, age-specific recruitment is constant (d + g -dg) and the pattern of seedling emergence follows a negative-exponential distribution. Thus, if one has two population~, with the same germination rate but different constant death rates, then the population with the higher death rate has the higher recruitment rate ( fig. la) . This is because the seeds that germinate do so earlier.
If the germination rate is constant and the death rate increasesldecreases with age then the recruitment rate will similarly increaseldecrease ( fig. 16 ). However, when the germination rate increases with age, the recruitment rate increases irrespective of the death rate ( fig. lc) . Unfortunately, when the germination rate decreases with age, the resulting recruitment rate follows no simple rule. Even with a constant death rate, it is possible for the recruitment rate to increase in places, and the overall recruitment curve may be nonmonotonic ( fig. Id) . This makes interpretation of the observed recruitment curves in terms of germination and mortality parameters difficult.
A summary of the properties of the distributions fitted is presented below. In each case the parameter p has the dimension of the reciprocal of time and K is dimensionless. The distributions were chosen to provide a wide range of possible recruitment patterns; examples of the discrete versions are presented in figure 2.
Exponential Distribution
This distribution is defined by a single parameter p, the mean is llp, and
The hazard is constant, implying that the probability of recruitment does not vary with age ( fig. 2a) . The underlying discrete distribution is a geometric distribution.
Compound Exponential Distribution
When each recruitment time is exponentially distributed but the rate varies randomly between individuals, the resulting distribution is a compound exponential. If the distribution of recruitment rates follows a gamma distribution then the resulting distribution is and 2 ?? The distribution has a long tail when K is small and tends to the exponential as K + m. The hazard is a monotone and is decreasing ( fig. 2b ).
Weibull Distribution
The Weibull distribution with scale parameter p and index K has
The hazard is either constant (K = 1) or monotonic increasing (K > 1) or decreasing (K < 1) ( fig. 2c ).
Log Logistic Distribution
This distribution allows a nonmonotonic hazard; the distribution is defined by If K < 1 the hazard is decreasing; if K > 1 the hazard of the continuous distribution has a single maximum ( fig. 2d ).
The patterns of age-specific recruitment or hazard translate directly into patterns of survivorship often used by biologists (Southwood 1978) . A constant hazard or age-specific rate implies a Deevey type 11 survivorship curve. If the hazard is increasing then the probability of recruitment increases with age resulting in a Deevey type I survivorship curve. Decreasing hazards imply a type I11 curve. Nonmonotonic hazards result in a hybrid survivorship curve that is S-shaped. This occurs because initially the probability of recruitment is low and so relatively few recruits are recorded. The probability of recruitment then increases resulting in the survivorship curve's declining, and finally as the probability of recruitment declines the curve flattens out.
Parameter Estimution und Assessment of the Goodness of Fit
The parameters, p and K, defining the distributions were estimated by maximum likelihood. This involves obtaining an expression for the probability of observing the data and then maximizing this to obtain the parameter estimates (Edwards 1972). Suppose we observe the emergence of N seedlings grouped into five fixed intervals of a l-yr duration. The number of seedlings observed in year i is G,, and
The unconditional probability that a seedling recruits in year i is .rri(x), where x is a vector of unknown parameters. Since the experiments were terminated after 5 yr the fitted distributions were truncated. This involved dividing each term, .rri(g), by the probability that recruitment occurs during the experiment. The likeli-hood function (lik) is a multinomial probability regarded as a function of g, that is, By maximizing this expression we obtain the maximum likelihood estimates of the parameters defining the distribution. The maximization was carried out numerically with the downhill simplex method (Nelder and Mead 1965 ).
An alternative approach to fitting a truncated distribution is to use the data from the viability trial carried out after the experiments had run for 5 yr. These data provide an estimate of the number of seedlings that could have recruited after the experiment was terminated. This could be incorporated into the likelihood function by including a term that is the probability of recruitment at some time after the end of the experiment (i.e., =,(g) = 1 -F(5; g)). The likelihood function is then of the form where G, is the number of seedlings observed in the viability trial and N' = N + G,. This approach was not used because it assumes that seedlings observed in the viability trial come from the same recruitment process as those from the rest of the experiment. This seems unlikely for a number of reasons: (1) the probability of successful establishment is increased when the soil is spread thinly during the viability trial and (2) because the soil is spread out germination occurs rapidly so that fewer seeds lose viability before having a chance to germinate. For these reasons the data from the viability trial were not incorporated into the likelihood function.
Since the distributions were fitted to a large number of species it was necessary to apply a correction that reduced the probability of rejecting the null hypothesis when it is in fact true. When fitting a distribution to k species, we perform k independent tests of the same hypothesis. Let a* be the significance level for each test. Then the probability of at least one significant test is 1 -(1 -a*)'. The overall significance level is then
Using this significance level we may correct for the large number of tests performed (Elandt-Johnson and Johnson 1980).
Comparison of the Fitted Distributions
The shape of the hazard function was determined by the least significant X2 value with the significance levels 5%, l%, and 0.1%. However, for those species in which none of the four fitted distributions adequately described the pattern of seedling emergence, assuming a 0.1% corrected significance level, no attempt was made to determine the shape of the hazard. In those species in which two 24 1 or more nonexponential distributions provided a similar fit to the data the shape of the hazard function is given for each distribution (see App. B). In cases in which the exponential and a nonexponential distribution provide a similar fit the hazard was said to be constant. For the log logistic distribution the shape of the hazard function was determined by inspection of the fitted hazards. This was necessary because if the continuous hazard function has a maximum in the first year of the experiment then the fitted hazards in each yearly interval may be monotonic as a result of grouping the data.
When comparing two distributions in which one is a special case of the other a likelihood ratio test may be applied to determine whether the extra parameters that were fitted provide a statistically significant improvement in the fit of the distribution (Elandt-Johnson and Johnson 1980; Cox and Oakes 1984) . This allows comparison of (l) the exponential and compound exponential and (2) the exponential and Weibull distributions. Specifically, if lik,(fi) and lik(6, I?) are the maximized likelihoods of the exponential and nonexponential models, respectively, then the statistic is approximately X2 distributed with 1 df, assuming the distribution is in fact exponential. This test was only applied in cases in which the nonexponential distribution was not significantly different from the observed pattern of recruitment at the 5% corrected level.
RESULTS
In Geranium pratense and Myrrhis odorata virtually all the seedlings emerged during the first year of the experiment. For 29 species none of the four fitted distributions adequately described the pattern of seedling emergence, assuming a corrected significance level of 0.1%, and so the shape of the age-specific recruitment curve could not be determined. In these species the pattern of age-specific recruitment shows no simple pattern ( fig. 3) . Among the 114 species for which the pattern of seedling emergence could be described adequately all four patterns of age-specific recruitment were observed (i.e., constant, increasing, decreasing, and nonmonotonic).
Previously data of this type have been analyzed with semilog plots. Figure 4 contains plots of the logarithm of the number of recruits against time. Such plots are not very informative; compare parts u and b of figure 4, in which the plots look very similar. In figure 4a the age-specific probability of recruitment is constant, whereas in figure 4b the probability declines from 0.6577 to 0.2852. In figure  4c and d the species show increasing and nonmonotonic age-specific recruitment probabilities, although again the observed patterns are very similar.
Descriptive Properties of the Distributions
Of the four distributions the exponential, with its single adjustable parameter, is the least successful at describing the observed patterns of recruitment ( fig. 5 ).
Age-specific recruitment probability Age-specific recruitment probability Only 23% of the fitted distributions were not significantly different at the 5% corrected level, indicating that in general the probability of recruitment is agedependent. In contrast the log logistic distribution provided an accurate description of 61% of the species. The compound exponential and Weibull distributions were intermediate in their descriptive powers ( fig. 5 ). This pattern reflects the flexibility of the hazard function; the exponential distribution has a constant hazard, the compound exponential has a constant or decreasing hazard, the Weibull has constant, decreasing, or increasing hazards, and the log logistic has decreasing or nonmonotonic hazards.
Patterns of Recruitment
The frequency distribution of the four types of age-dependent recruitment, as determined by the least significant value, is given in figure 6a . The pattern of age-specific recruitment is largely independent of how the data are chosen. Considering all the species for which the hazard could be determined or only those species in which the pattern of recruitment is accurately described at the 5% level or 5% corrected level produces virtually identical distributions of the hazard ( fig. 6a) . Approximately 14% of the species have constant hazards, 15% are increasing, 44% are decreasing, 21% are nonmonotonic, and 6% are undetermined, being equally well described by two different types of hazard.
The distribution of hazards, for cases in which likelihood-ratio tests can be used to differentiate between constant hazards and increasing or decreasing hazards, is given in figure 6b . In this case 15% of the species have constant hazards at the 5% level and 28% at the 5% corrected level. This increase in the percentage of species with constant hazards reflects the exclusion of those species with nonmonotonic hazards and also the more rigorous determination of the shape of the hazard function. Approximately 20% of species have increasing, and 53% decreasing, hazards. However, the hazard observed for a particular species should not be treated as if graven in stone; changing the depth of incorporation or the cultivation regime could well alter the observed pattern (this possibility is currently being explored).
For the Compositae, Cruciferae, Leguminosae, Umbelliferae, and Scrophulariaceae there are enough species to allow the distribution of hazards within each family to be determined (see fig. 7 ). The Compositae show similar patterns to -The distribution of hazards using all the data available for the Compositae (n = 29). Cruciferae (n = 9), Leguminosae (n = g), Umbelliferae (n = 9), and Scrophulariaceae
those in the overall data set. The Umbelliferae, in contrast, have a higher proportion of species with constant hazards. The Cruciferae, Leguminosae, and Scrophulariaceae appear to have a larger proportion of increasing and nonmonotonic hazards. However, the data from these families must be interpreted with some caution because of the relatively small sample sizes involved.
Interpreting Populution-Level Patterns of Recruitment
It is often assumed that by studying population level patterns we may infer the behavior of individuals within the population. Thus, if age-dependent patterns of recruitment are observed at the population level it is assumed that these are the result of individuals' experiencing different recruitment probabilities as they age (Lonsdale 1989 ). This need not be the case. If each individual has a constant probability of recruitment but this probability varies between individuals then at the population level we will observe a declining age-specific rate of recruitment. This occurs because initially the population consists of individuals with high and low probabilities of recruitment. However, as time proceeds the individuals with high probabilities of recruitment will be selectively removed from the population, leaving only those individuals with low probabilities of recruitment, resulting in a decrease in the probability of recruitment at the population level. There is abundant evidence that the probability of germination varies from seed to seed; this may be the result of environmental heterogeneity or genetic or somatic polymorphisms (see Silvertown 1984 for a review with many examples). In Appendix C we prove that the hazard of the compound exponential distribution is always decreasing no matter what the distribution of recruitment probabilities. This may provide a partial explanation for the high proportion of species with decreasing hazards. It must be remembered that the observed patterns are for aggregate cohorts. If each cohort declined exponentially but at a different rate then the net result would be a declining hazard in the aggregate data set; this hypothesis is currently being explored. In Appendix C we also demonstrate that a mixture of decreasing hazards always gives a decreasing hazard at the population level.
In an important series of papers Vaupel and co-workers (Vaupel et al. 1979; Vaupel and Yashin 1983; Vaupel 1990 ) have investigated the demographic implications of variability between individuals. The approach is to assume that the hazard of an individual of age t is where q is a random variable representing the variability between individuals and h(t) is the hazard of an individual when q = 1. In this framework they demonstrate that variability can create or remove age dependence or nonmonotonicity depending on the nature of the individual hazard and the magnitude of the variability. These specific results have been generalized by Hoem (1990, p. 126 ) who has shown that "any nonstochastic hazard function in a model without unobserved heterogeneity can be represented alternatively as the unconditional hazard for a model with multiplicative unobserved heterogeneity and with a freely chosen heterogeneity distribution (with finite mean). All such mixing distributions are observationally equivalent to each other and to the original nonheterogeneity model." This means that it is impossible to determine the individual-level hazard from observational, population-level data. This difficulty is related to the normal variance components model, in which it is impossible to divide variation into within-and between-individual components if there is only one observation per individual (Hougaard 1984) . However, if the individual-level hazard is constant then unobserved variability can only produce, at the population level, declining hazards. Thus, if the population-level hazard is increasing or nonmonotonic then this cannot be the result of variability and age independence; the individual hazard must be age-dependent, assuming there is no density dependence in the system (see below).
Density Dependence versus Age Dependence
In this section a simple model of a declining cohort is introduced and the effects of density-dependent germination on population-level patterns of recruitment investigated. The model incorporates two well-documented aspects of germination biology: (1) there is often considerable spread in the timing of seedling emergence (Roberts and Neilson 1980; Roberts and Boddrell 1983) and (2) the presence of established plants can affect the probability of germination (Gorski 1975; King 1975; Rice 1985) . In the model, it is assumed that germination occurs in two cohorts-autumn and spring. The probability of a seed's germinating in the spring depends on the presence of established seedlings from the autumn cohort. The probability of germinating in the autumn is g,, and the probability of germinating in the spring is g, with no established seedling and g,, with an established seedling from the autumn cohort. In each case the probability of germination is indepen-dent of seed age. When g,, < g, seedlings from the autumn cohort inhibit the germination of seeds in spring. With these assumptions the average number of seedlings observed in a microsite at the end of the germination period, given that a seeds were initially present, can be calculated:
where E[ ] is the mathematical expectation (i.e., average value). This expression has three components: (1) the average number of seeds that germinate in the autumn cohort; (2) the average number of seeds that germinate in spring with established seedlings from the autumn cohort; and (3) the average number of seeds that germinate in spring if there are no established seedlings from the autumn cohort. Assuming there are K microsites and that the seeds are distributed over the microsites according to a Poisson distribution, we can calculate the average number of seeds that germinate in each microsite given that S; seeds were initially present,
Multiplying this expression by K we obtain the total number of seeds that germinate. It is assumed that the probability of seed germination in each cohort is density-independent. Two important results emerge from the model. First, the overall probability of seed germination can be density dependent, even though germination in each cohort is density independent (i.e., seeds cannot directly detect the presence of other seeds, let alone their density). The ingredients generating density dependence are variation in germination time (0 < g, < l and 0 < (g,s, g,,) < l) and the interaction between established plants and seeds; germination is negatively density-dependent if established plants inhibit germination (g, > g,,) and positively density-dependent if germination is stimulated (g, < g,,). Density-dependent germination has been found in a number of studies (Palmblad 1968; Qadir and Abbasi 1971; Linhart and Pickett 1973; Linhart 1976; Bergelson and Perry 1989) .
Second, this density dependence can generate spurious age dependence as a result of the reduction in seed density during a germination experiment. If germi- nation is negatively density-dependent then the probability of germination appears to increase with seed age. In contrast, when germination is positively density-dependent the probability of germination appears to decrease with seed age (fig. 8 ). Density-dependent seed mortality can also generate spurious age dependence; if seed mortality is negatively density-dependent then age-specific recruitment probability appears to increase with seed age, whereas positive density dependence results in the probability of recruitment's declining.
It is therefore possible to observe density-and age-dependent patterns of germination at the population level when neither is present at the level of the individual seed. Unlike the combination of age independence and variability, density dependence can produce increasing or decreasing patterns of age-dependent recruitment. It should be noted that because each seedling was removed soon after establishing that density dependence generated via the mechanism presented above is unlikely to be observed in the data set presented in the main body of the article. However, in other situations in which seedling establishment occurs this type of density dependence has been observed (Inouye 1980; Graham and Hutchings 1988) .
DISCUSSION
The main empirical result from the analysis presented is that in general seed banks do not decay according to a negative exponential pattern. The exponential distribution provides an adequate description (using a corrected significance level of 5%) for only about 23% of the species analyzed. The widespread acceptance of the exponential model is largely a result of the difficulty in detecting nonexponential patterns of recruitment from semilog plots of seedling emergence against time. However, it should also be noted that Roberts demonstrated nonexponential patterns of recruitment on several occasions (e.g., Roberts and Feast 1972, 1973; Roberts and Neilson 1980; Roberts and Boddrell 1983 ), yet these results seem to have been ignored. Unfortunately other graphical procedures (Cox 1979; Cox and Oakes 1984) , such as plotting the probability of recruitment against time, rely on knowing the total number of seedlings that would have been observed had the experiment been run indefinitely. An upper estimate of this figure can be obtained by assuming that all seedlings recorded in the viability trial would have successfully recruited. The use of least-squares regression analysis of the logarithm of seedling number against time is inappropriate for a number of reasons: (l) the data points are not independent, since, if 1,500 out of 2,000 seeds sown recruit in the first year then no more than 500 can recruit thereafter; (2) there is a considerable loss of efficiency (Cox and Hinkley 1968) resulting in parameter estimates with large standard errors, which makes rejecting the null hypothesis of exponential decay difficult; (3) the estimates may be biased because it is assumed that the likelihood of recruitment is known with equal confidence in each year. This is clearly not true when the number of seedlings observed declines rapidly through time.
These problems also plague studies of plant survivorship where semilog plots are a popular form of analysis (e.g., Sarukhan and Harper 1973) . Indeed, reanalysis of much of these data has demonstrated that many survivorship curves previously thought to be negative exponential are in fact much better described by nonexponential models (M. Rees, unpublished manuscript). These problems stem from the difficulty in identifying nonexponential patterns from semilog plots. For a graphical analysis of survival data it is much better to plot the age-specific mortality probabilities against age or some function of age (Cox 1979) rather than the logarithm of the number surviving. Likewise, data on seed and pollen dispersal are often presented on semilog plots (e.g., Werner 1975) , and the problems described above again apply.
A second theme arising from the results presented is the difficulty of interpretation. For example, nonmonotonic recruitment curves can be generated by (1) nonmonotonic germination and negligible seed mortality, (2) declining germination and age-independent seed mortality, and (3) increasing germination, any pattern of seed mortality, and between-individual variability, to name but three different mechanisms; of course other mechanisms are possible. This makes it difficult to give simple mechanistic interpretations of the observed patterns. It should also be emphasized that between-individual variability and unobserved seed mortality can create complex patterns of recruitment at the population level when the underlying individual behavior patterns are straightforward. For example, U-shaped age-specific patterns of recruitment can be produced by mixing two seed types, each with increasing age-specific rates. We have also demonstrated that density dependence can generate spurious patterns of age dependence. These difficulties can only be overcome by experimental studies that manipulate the frequency distribution of seed characteristics that affect the probability of recruitment (Lonsdale 1989 ) and the density of seeds sown. However, even in this type of study, it must be remembered that individual seeds will experience different environments and that this variability can affect the overall patterns of recruitment observed. One source of variability that can be assessed with the data already collected is the effect of between-cohort heterogeneity. This is currently being studied by fitting separate parameters to each cohort and comparing the individual cohort hazards with the pattern observed in the aggregate data set.
An earlier model showed the possibility of density-dependent effects in seed germination even though seeds cannot directly detect the presence of other seeds. This could have important consequences for population dynamics. When seedlings inhibit germination, germination becomes negatively density dependent, which prevents relatively high or low seedling densities from occurring and so can stabilize population dynamics. In contrast, we suspect that, when germination is stimulated by the presence of established seedlings, so generating positive density dependence, this could be destabilizing. However, further work is required to determine the importance of these effects.
Although at present there is a large body of theory predicting when dormancy will evolve (reviewed in Venable 1989) there appear to be no theoretical results predicting when a given pattern of age-specific recruitment will evolve. However, Templeton and Levin (1979) have explored the consequences of dormancy on the evolution of traits not directly related to seed germination behavior. They show that in a constant fitness model the presence of a seed bank does not affect the equilibrium gene frequencies, although the rate of approach to the equilibrium decreases as the average and variance in time to recruitment increases. To explore the effect of changing the recruitment hazard consider a species in which the age-specific recruitment follows a Weibull distribution (see Background Theory). Both the mean and variance in recruitment time increase as the hazard changes from increasing to decreasing (holding the rate parameter constant), and this will slow the rate of approach to a genetic equilibrium.
In heterogeneous environments the fate of alleles is determined by both the temporal sequence of fitnesses and the age-specific pattern of recruitment. Under these circumstances the presence of a seed bank provides the population with a store of information on the relative and absolute fitnesses over the past several years. The selective importance of a given year depends on the fraction of seeds that recruit. If few seeds recruit in a particular year then the selection in that year will be effectively filtered out of the evolutionary process. Thus, the outcome of natural selection can be altered by the pattern of age-specific recruitment (Templeton and Levin 1979) . This is of great practical importance for the management of, for example, herbicide resistance in weed populations.
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THE AMERICAN NATURALIST APPENDIX A
In this appendix we explore the interaction between unobserved seed mortality and germination on patterns of age-specific recruitment. It is assumed that in each year the germination occurs before the seed mortality. Let S, be the number of viable seeds at the beginning of year i. A fraction, g,, of the seeds germinate to give Gi seedlings. After germination a fraction, d;, of the remaining seeds die, so that the number of seeds that die is Di. Finally, let R, be the age-specific recruitment rate in year i. The following simple equalities apply:
From these it follows that and so CASE l .-If g and d are both age-independent, then the expression for R, reduces to so the recruitment rate is independent of seed age. That is, the pattern of seedling emergence follows a negative-exponential pattern.
CASE 2.-If g is constant but d is age-dependent, then NOTE.-Parameters are x2. The first superscript of the X' value gives the significance level for a single test, and the second is the significance level corrected for the number of times the distribution was fitted. For the hazard, const indicates a constant hazard, -ive indicates a decreasing hazard, +ive indicates an increasing hazard. and nm indicates a nonmonotonic hazard; the superscripts indicate the significance level based on a likelihood ratio test: the first figure is for a single test, and the second corrected for the number of likelihood ratio tests performed. Only one figure is given when the single test and corrected significance level are the same. When the likelihood ratio test indicated a constant or a nonconstant hazard depending on the significance level chosen. the nonconstant hazard is given in parentheses.
